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The strength limit state of American Association of State Highway and Transportation
Officials (AASHTO) Load and Resistance Factor Design (LRFD) Bridge Design Specifications
is developed based on the failure probabilities of the combination of non-extreme loads.
The proposed design limit state equation (DLSE) has been fully calibrated for dead load and
live load by using the reliability-based approach. On the other hand, most of DLSEs in other
limit states, including the extreme events Ⅰ and Ⅱ, have not been developed and calibrated
though taking certain probability-based concepts into account. This paper presents an
assessment procedure of highway bridge reliabilities under the limit state of extreme event
Ⅰ, i. e., the combination of dead load, live load and earthquake load. A force-based approach
and a displacement-based approach are proposed and implemented on a set of nine
simplified bridge models. Results show that the displacement-based approach comes up
with more convergent and accurate reliabilities for selected models, which can be applied
to other hazards.
© 2015 Periodical Offices of Chang'an University. Production and hosting by Elsevier B.V. on
behalf of Owner. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Designing bridges to resist extreme hazard loads has been a
major concern of American Association of State Highway and, Structural and Environm
om (C. Huang).
al Offices of Chang'an Un
'an University. Production
se (http://creativecommoTransportation Officials (AASHTO) and the bridge engineering
community for decades. In recent decades, a considerable
amount of efforts were devoted to earthquake and wind ef-
fects and also extended to other hazards, such as scour, storm
surge, vessel and vehicular collisions, etc. (Huang et al., 2014;ental Engineering, University at Buffalo, Buffalo 14260, USA. Tel.:
iversity.
and hosting by Elsevier B.V. on behalf of Owner. This is an open
ns.org/licenses/by-nc-nd/4.0/).
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2013a, 2013b, 2014; Li et al., 2012; Liang and Lee, 2012, 2013;
Wang et al., 2014a, 2014b, 2014c; Zhu and Frangopol, 2013).
Other hazards including fire and blasting were also taken into
account in the multiple hazard framework (Fujikura and
Bruneau, 2012; Petrini and Palmeri, 2012; Potra and Simiu,
2009; Rini and Lamont, 2008). Analysis and design for these
hazard loads have been developed individually because each
one requires different expertises and knowledges to formulate
the “demand” or “capacity” for bridge design. However, a
bridge may experience these multiple types of hazards at the
same time or in a certain sequence. Examples include the
bridge damage during 2011 Tohoku earthquake and the
tsunami in Japan (Akiyama et al., 2013), and the combination
of earthquake and mudflow after 2008 Wenchuan
earthquake (Cui et al., 2008). The bridge capacity needs to be
carefully designed by considering its resistance to these
multiple extreme hazards in a fair platform to ensure the
safety of the bridge structure and the transportation system.
The establishment and implementation of AASHTO Load
and Resistance Factor Design (LRFD) Bridge Design Specifica-
tions (AASHTO, 2012) were considered as a milestone in the
historical development of bridge design specifications. In
AASHTO LRFD, both loads and resistance were treated as
random variables to take the uncertainties introduced by
various external or internal factors into account. For the first
time, the safety of bridge was evaluated in a quantitative
approach using the bridge reliabilities or the risks against
various loads and/or load combinations.
AASHTO LRFD can be categorized to four types of design
limit states: strength, service, extreme events and fatigue. The
calibration of AASHTO LRFD consisted of trying out various
combinations of load and resistance factors on a number of
bridges and their components (AASHTO, 2012). Currently the
strength design limit state in the AASHTO LRFD is
formulated and fully calibrated using the reliability-based
approach (Kulicki, 1998; Kulicki et al., 2007; Nowak, 1999).
The extreme event design limit states, however, are
constructed by combining the non-extreme load effects with
the independently established extreme hazard load effects
through professional judgment. Its margin of safety and
adequacy has not been assessed quantitatively.
Lee et al. (2008, 2011) highlighted the problems related to
the standards indications in order to obtain commeasurable
criteria of multiple hazards for highway bridge design. To face
these issues the Multidisciplinary Center for Earthquake En-
gineering Research (MCEER) in 2009 started a project for
developing uniform risk design criteria for highway bridges
under multiple hazards.
Lee et al. (2013a, 2013b) and Huang et al. (2014) presented
several different approaches and theoretical backgrounds for
the establishment of design limit state equations (DLSEs)
with a comprehensive consideration of multiple hazards
based on proper reliability measures. Sun et al. (2015) applied
the proposed method on a typical bridge located at Southeast
China to calibrate the risk of failure. A particular force-based
approach was presented to combine two time-varying loads
with the permanent load. In this paper, with limited data/
resources, the application of this approach and a
displacement-based approach are given to demonstrate theprocedure for calibrating the bridge reliability under dead
load, live load and earthquake. Furthermore, the results are
compared to address the needs for obtaining a more accurate
result from the standpoint of bridge engineering community.2. General steps for evaluation of bridge
reliability
Based on the previous research by Nowak (1999), the entire
procedure to establish the current AASHTO LRFD limit states
consists of six steps (Lee et al., 2013a, 2013b). A flow chart to
demonstrate the general procedure to determine bridge
reliability is given in Fig. 1.
The first four steps can be used to evaluate the bridge
reliability, as following:
1) Selection of representative bridges. Bridges varywithmany
parameters, such as structural system, material, span,
width, height, skew, etc. To obtain the reasonable result,
representative bridges need to be selected to conduct
further analysis. Since the considered loads are dead load,
live load and earthquake, and the earthquake load effect is
mainly applied on the substructure of a bridge, the
research focus in this study is placed on the bridge col-
umns with the assumption that other bridge components
can be simplified.
2) Establishing the statistical database for load and resistance
parameters. Load distributions can be obtained from
recorded data and statistical analysis, which commonly
reflect the probability of occurrence and related intensity
for each hazard. Many researchers proposed reasonable
assumptions for simplicity. These simplified assumptions
can be used for calculation before more accurate data is
obtained.
3) Development of load and resistancemodels. For each given
bridge structure, we can calculate three items: the load
effect distribution, the nominal value of load effect (Q1, Q2,
Q3, …) and the resistance distribution. Note that the load
effect distribution is different from the load distribution,
and the failure probability can only be calculated through
load effect distribution. For example, the load distribution
for earthquake commonly referred to is the distribution of
peak ground acceleration (PGA), but the failure probability
must be calculated by using the internal force such as
bending moment applied on the column.
4) Development of the reliability analysis procedure. Borges
and Castanheta (1972), Wen (1977), Turkstra and Madsen
(1980), Ghosn et al. (2003), Liang and Lee (2012) proposed
different methods to calculate the failure probability of a
structure using the load effect and structural information
provided in Steps 2 and 3. This paper focuses on the
exhaustive approach proposed by Lee et al. (2013a, 2013b),
which consists of calculation of partial and total failure
probabilities and normalization (i.e., converting the load
effect distribution into a normal distribution). Lee et al.
(2013a, 2013b) proposed that, for two different time-variant
loads, the failure probability of a structure is the sum of
three partial failure probabilities from three mutually
exclusive events. In this case, the total failure probability is
Fig. 1 e Flow chart for determination of load factor.
j o u rn a l o f t r a ffi c a nd t r an s p o r t a t i o n e n g i n e e r i n g ( e n g l i s h e d i t i o n ) 2 0 1 5 ; 2 ( 4 ) : 2 2 3e2 3 2 225pf ¼ pEQf þ pELf þ pLLf (1)




f are the partial failure probabilities due
to dead load and earthquake load effect, the combined effect
of dead load, earthquake and live load, and dead load and live
load effect only, respectively.Fig. 2 e Comparison of actual column response and
Ghosn's approach.3. Force-based approach and displacement-
based approach to evaluate bridge reliability
under earthquake
3.1. Force-based approach
Ghosn et al. (2003) proposed that the applied moment on the
bridge column can be calculated using the following
expression
Mapl ¼ leqC0Saðt0TÞAWHR (2)
where Mapl is the applied moment at the base of the column,
leq is the modeling factor for the analysis of earthquakeloads
on bridges,C0 is the response spectrummodeling parameter,A
is themaximum75-year PGA at the site (a 75-year design life is
used to be consistent with AASHTO LRFD Specifications), Sa is
the calculated spectral acceleration as a function of the actual
period, T is the bridge column period, t0 is the period modeling
factor, W is the weight of the system, R is the response
modification factor, H is the column height.
Eq. (2) takes many parameters and their uncertainties into
account by calculating the distribution of earthquake load
effect. Ghosn et al. (2003) assumed a significantparameterdresponse modification factor R follows a normal
distribution with a mean value of 7.5 and a coefficient of
variance (COV) of 34%. However, this assumption for R
might not be reasonable for many cases. For an actual bridge
column, the bending moment under lateral load can be
simply depicted by idealized bi-linear model with two
stages: elastic stage and inelastic stage. The load effects can
not be modified in elastic stage while they have to be
modified appropriately in inelastic stage. In other words, Eq.
(2) may underestimate the bending moment in elastic stage
and overestimate that in inelastic stage by using the same
random response modification factor, as depicted in Fig. 2.
To address this issue, this paper proposes a different
approach developed by Lee et al. (2013a, 2013b). Detailed for-
mulations and calculations can be referred to Lee et al. (2013a,
2013b). Since earthquake is the major cause for the failure of
Fig. 3 e Peak ground acceleration and corresponding
annual probability of exceedance.
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force-based approach and a displacement-based approach to
evaluate the bridge reliability under earthquake. To obtain an
accuratedistributionof earthquake load effects, a time-history
analysis is used in this study. Several steps are as following:
1) Obtain the peak ground motion distribution for one event.
According to the definition of Poisson process assumption
and introduction in the later section, the distribution of
earthquake PGA for one event can be obtained by
EVFPGAðxÞ ¼ anFPGAðxÞ
1
nEQ (3)where EVFPGAðxÞ and anFPGAðxÞ are the cumulative distribution
function (CDF) of PGA for earthquakes for one event and the
annual CDF, respectively, nEQ is the average number of
earthquake occurring in one year.
The threshold PGA values for defining an earthquake is an
important factor to determine nEQ. Apparently this number of
earthquakes will increase with the decrease of the threshold
value.
Based on the database by United States Geology Survey
(USGS), Fig. 3 shows the annual probability of exceedance for
four different cities in U.S., including New York City, San
Francisco, Seattle and St. Paul. The annual CDF of PGA for
earthquake is 1anFPGAðxÞ.Fig. 4 e Response spectrums of selected ground motions. (a) Re
process. (b) Response spectrums of ground motions after matchAccording to the statistics by USGS, the numbers of
earthquakes in 75 years for the four cities above are 30, 600,
150 and 1, respectively (Ghosn et al., 2003).
2) Calculate the probability density function (PDF) for one




FPGAðxÞ (4)where EVf PGAðxÞ is the PDF of PGA for earthquakes for one
event. Numerically, the PDF of PGA is equivalent to the prob-
ability mass function (PMF).
3) Discretize the PDF for one eventwith a specified interval. In
this study, the maximum considered earthquake level is
2.50g, and the PGA is divided into 251 levels with an in-
terval of 0.01g (i.e., 0, 0.01g, 0.02g, 0.03g,/,2.50g).
4) Select the earthquake ground motions and match them
with an objective response spectrum. A total of 99 earth-
quake ground motions are selected from Pacific Earthquake
Engineering Research Center (PEER) next generation atten-
uation (NGA) database. With the objective to develop new
ground-motion prediction relations through a comprehen-
sive and highly interactive research program, PEER NGA
provides robust and reliable estimates of ground motion
than the previous generation of attenuation models devel-
oped in 1990s and early 2000s. To obtain a more accurate
result, the selected ground motions are matched to an
objective response spectrum provided by USGS for the
selected location. Fig. 4 shows the response spectrum for the
selected earthquake ground motions before and after
matching process. The selected set of earthquake ground
motion records is scaled to each level of PGA (i.e., 0.01g,
0.02g,0.03g,/,2.50g). The ground motions are linearly
scaled by the PGA amplitude in this study.
5) Convert the entire bridge models to a simplified model
consisting of single or multiple columns. Priestley et al.
(1996) proposed a model on simplifying the bridge bent to
a simple bridge system, as shown in Fig. 5. In general,
bridge substructures are more vulnerable to earthquake
ground motions than superstructures. As mentioned
earlier, this research is focused on the bending moment
at the column base. Conducting the time-history analysis
on a full bridge model is neither efficient nor necessary.sponse spectrums of ground motions before matching
ing process.
Fig. 5 e Dynamic bridge response model.
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superstructure is developed to consider the inertial force
resisted by the superstructure (Fig. 6).
6) Determine the column property. In this study, the column
section is 1.22 m in diameter and has 38 #11 bars for longi-
tudinal steel,which amounts to a steel-concrete area ratio of
about 1% (Fig. 7). In theplastichingezones, thecolumnshave
confinement steel consisting of #6 spiral bars with a 89 mm
spacing. The concrete and steel used in the columns are
28 MPa and A706 of 420 MPa steel, respectively. The
column is idealized by a bi-linear behavior, as shown in
Fig. 8. dþm, dy and d

m are maximum, yielding and minimumFig. 6 e Simplified model for bridge indisplacements, respectively, Fþm, Fy and F

m are maximum,
yielding and minimum forces, respectively, Kd, Ku and Keff
are loading, unloading and effective stiffnesses,
respectively, Qd is the characteristic strength (Hwang et al.,
1996). The moment-curvature curve of the column in this
study is depicted in Fig. 9. The axial load of the column has
been considered in the moment-curvature curve.
7) Analyze the time-history response of the column by each
scaled ground motion, and then record the maximum load
responses in the abscissa of the PMF. The corresponding
probability of PGA is recorded for ordinate value as depic-
ted in Fig. 10.longitudinal and lateral directions.
Fig. 7 e Cross section of column.
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1. As a result, the PMF of earthquake load effect for one
event can be obtained as depicted in Fig. 11(a).3.2. Displacement-based approach
In general, the displacement-based approach follows the
same steps as the force-based approach. They are:
1) Calculate the peak ground motion distribution for one
event.Fig. 8 e Column property: idealize2) Compute the probability density function (PDF) for one
earthquake.
3) Discretize the PDF for one event with a pre-set interval.
4) Select and match the earthquake ground motions using a
targeted response spectrum.
5) Convert the bridge models to a simplified model that con-
sists of single or multiple columns, depending on the col-
umn number in the original bent.
6) Compute the column property.
7) Analyze the time-history response of the column by each
scaled ground motion, and then record the maximum load
responses in the abscissa of PMF, the corresponding
probability of PGA is recorded for ordinate value as depic-
ted in Fig. 10.
8) Normalize the PMF to obtain the final distribution of
earthquake hazard.
It is noted that in Step 7, the time-history responses of the
column are selected as the displacement instead of bending
moment. This differencemay have a significant impact on the
final results if the hardening stiffness of the column is rela-
tively small. The change of loading force stays within a very
limited range in this case. However, the displacement can
vary in a larger scale because the hardening stiffness is always
less than 1. Fig. 12 shows the procedure in Step 7 and Fig. 11(b)
shows the result. It can be seen that the variation of PDF based
on displacement approach is larger than the force-based PDF
(Fig. 11(a)).
The other significant differences between force-based
approach and displacement-based approach are the identifi-
cation of resistance. For force-based approach, the mean
value of resistance is set as the nominal yielding strength of
column. For the displacement approach, the mean value of
resistance is assumed to be the response reduction R factord bi-linear hysteretic model.
Fig. 9 e Moment-curvature curve of column.
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displacement. In this case, the bridge R factor is selected as 3
for single-column bent and 5 for multiple-column bent.3.3. Case study and comparison of two approaches
A set of nine simplified bridge models presented in a previous
study by Lee et al. (2013a, 2013b) has been used for the com-
parison of two approaches.Fig. 11 e Results of distribution of partial load effect. (a) Fo
Fig. 10 e Force-based time-hisThe main span length of the bridges varies from 21 m to
61 m so they are in the category of short-to-mid span typical
bridges. Fig. 13 shows the 3D scheme of a typical bridgemodel,
i.e., a three-span single-column pier bridge. The bridge is
assumed to locate in San Francisco, CA with its column
designed based on current AASHTO LRFD Specifications.
Table 1 shows the detailed information about nine different
bridge models, including the side and central span lengths,
girder depth, column height, column diameter, longitudinal
and transverse rebar details, etc.
According to the procedure mentioned in the earlier sec-
tions, the reliabilities of these bridges under dead load, live
load, and earthquake are calculated and the results are shown
in Fig. 14. In this study, the response is analyzed by MATLAB
Simulink to expedite the computation procedure. Note that
the earthquake ground motions were all matched to design
response spectrum regulated by AASHTO LRFD
Specifications for San Francisco. The reliability obtained by
the force-based approach varies from 1.27 to 11.54 and that
by the displacement-based approach varies from 1.74 to 4.51.
In general, the results from two approaches show similar
trends for the nine cases. The reliability of bridge increases
with the increasing column height and the decreasing bridge
span.
The displacement-based approach gives a lower reliability
index. The reason can be attributed to two aspects: 1) the
larger COV due to the more wide-spread distributed results
from the nature of displacement-based approach; 2) therce-based approach. (b) Displacement-based approach.
tory response of column.
Fig. 12 e Displacement-based time-history response of column.
Fig. 13 e 3D scheme of a typical bridge model.
j o u r n a l o f t r a ffi c and t r an s p o r t a t i o n e n g i n e e r i n g ( e n g l i s h e d i t i o n ) 2 0 1 5 ; 2 ( 4 ) : 2 2 3e2 3 2230assumption of displacement resistance may be conservative
since the response modification factor is selected by current
specification. For cases 3 and 9, the large span lengths of the
bridge lead to enormous inertia forces, which can be attrib-
uted to the large mass from bridge superstructure. The resis-
tance of the force-based approach is relatively small thus it
gives a lower reliability index in these two cases.
Generally, the result from the displacement-based
approach is more consistent and stable for the nine cases
selected. Considering the large uncertainty of natural earth-
quake, it can be concluded that the displacement-basedTable 1 e Nine different bridge models presented by Lee et al.
Bridge
no.









1 30 36 1.8 6.0 1.2
2 18 21 1.8 6.0 1.2
3 51 61 2.4 6.0 1.7
4 30 36 1.8 15.0 1.7
5 18 21 1.8 15.0 1.7
6 51 61 2.4 15.0 2.4
7 30 36 1.8 10.5 1.7
8 18 21 1.8 10.5 1.2
9 51 61 2.4 10.5 2.1approach provides less variations and thus comes up with
more convergent and accurate reliabilities for these selected
models.4. Conclusions
This paper presents two approaches for the evaluation of the
bridge reliabilities under the limit state of extreme event Ⅰ
combination of dead load, live load and earthquake load. The
difference is on the step of converting load effect to load effect(2013).




General (mm) End (mm) P. Hinge (mm)
(2)19-#11 #5 @55 #5 @44 #5 @85
22-#11 #5 @110 #5 @70 #5 @85
(2)26-#14 3#6 @110 3#6 @100 3#6 @225
(2)19-#11 #5 @200 #5 @100 #5 @ 60
33-#11 #5 @200 #5 @100 #5 @60
52-#14 #6 @110 #6 @50 #6 @50
30-#14 #5 @100 #5 @50 #5 @60
(2)21-#11 #5 @100 #5 @75 #5 @85
56-#14 2#6 @110 2#6 @85 2#6 @100
Fig. 14 e Comparison of two approaches.
j o u rn a l o f t r a ffi c a nd t r an s p o r t a t i o n e n g i n e e r i n g ( e n g l i s h e d i t i o n ) 2 0 1 5 ; 2 ( 4 ) : 2 2 3e2 3 2 231distribution. A set of nine simplified bridge models presented
in previous study has been used for the comparison of two
approaches. Results show that the displacement-based
approach comes up with more convergent and accurate re-
liabilities for selected models. Note that the data and samples
of bridge models are limited and further calibration are
necessary to validate the accuracy of both approaches.
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